The activity of pacemaker cells in the sinoatrial node (SAN) is an indicator of normal sinus rhythm. Clinical studies have revealed that the dysfunction of the SAN progressively increases with aging. In this study, we determined the changes in hyperpolarization-activated cyclic nucleotide-gated channel 4 (HCN4) expression and the relationship between aging and canine SAN dysfunction. The results of cardiac electrophysiological determination revealed that the intrinsic heart rate decreased from 168 ± 11 beats min −1 in young canines to 120 ± 9 beats min −1 in adults and to 88 ± 9 beats min −1 in aged canines. The sinus node recovery time (SNRT) increased from 412 ± 32 ms in young canines to 620 ± 56 ms in adults and to 838 ± 120 ms in aged canines. Corrected SNRT (CSNRT) increased from 55 ± 12 ms in young canines to 117 ± 27 ms in adults and to 171 ± 37 ms in aged canines. These results indicated that SAN function deteriorated with aging in the canine heart. However, histological staining illustrated that fibrosis was not significantly increased with aging in canine SAN. Real-time polymerase chain reaction indicated that the expression of HCN4 mRNA was downregulated in the elderly canine SAN. Similarly, we also verified that HCN4 protein expression within the SAN declined with aging via immunofluorescence staining and western blot analysis. Taken together, our data show that electrical remodeling, related to the down-regulation of HCN4, is responsible for the gradually increased incidence of SAN dysfunction with aging. Our results provide further evidence for explaining the mechanisms of age-related deterioration in the SAN.
Introduction
The sinoatrial node (SAN), the generator of spontaneous cellular electrical rhythms, governs the autonomous beating of the heart. Cells of this region generate spontaneous action potentials that are propagated to the entire myocardial tissue through specific pathways and drive rhythmic cardiac contraction. In 1979, 'funny' current (If), a diastolic depolarizing current activated by hyperpolarization, was reported in SAN pacemaker cells for the first time [1] . This If current plays a pivotal role in initiating the spontaneous SAN activity and controlling the cardiac rate. The molecular components of f-channels are medically termed hyperpolarization-activated cyclic nucleotide-gated channels (HCNs). To date, four isoforms, namely HCN1 to HCN4, have been identified in mammals; three of these have a molecular correlation with If in the heart (HCN1, HCN2, and HCN4) [2, 3] . Although these isoforms exhibit different patterns of gene expression and tissue distribution in different species, HCN4 is the most abundant isoform of the HCN gene family in SAN [4] [5] [6] [7] [8] . Clinical studies have shown that the incidence of SAN dysfunction increases with aging, regardless of gender, and that it is quite prevalent in the elderly population [9, 10] . It has been suggested that the age-dependent decline in SAN function is caused by structural and electrical remodeling of the SAN [11] [12] [13] . Recent data indicate that age-dependent changes in the expression and function of ion channels and other cellular elements may be crucial to the function of the SAN [14] [15] [16] [17] . Recently, mutations in HCN4 were reported to be associated with SAN dysfunction [18, 19] . However, the relationship between these HCN4 mutations and agedependent changes of SAN function is still debatable. Most of the positive results to date are from small mammals, with a few positive results in large mammals. In this study, we hypothesized that the expression levels of HCN4 are correlated with aging and that their expression levels fluctuate with the age-dependent deterioration of SAN function in canine heart tissue. The aim of this study was to evaluate the function of the canine SAN during aging and reveal the possible mechanisms leading to SAN dysfunction in canine heart tissue by investigating changes in the expression of HCN4.
Materials and Methods

Animals
Healthy mongrel dogs of either sex, weighing between 1 and 25 kg, and of different ages were used in this study. Young dogs were 1-3 months old, adult dogs were 2-5 years old, and old dogs were 8-10 years old. All experimental procedures were approved by the local institutional animal research committee.
Assessment of SAN function
The dogs were anesthetized with sodium thiopental (30 mg/kg) and placed in the supine position; then, they were ventilated with a mixture of oxygen (30%) and nitrous oxide (70%) using intermittent positive-pressure ventilation through a positive end-expiratory pressure ventilatory pattern (Dräger Savina ® , Draeger Medical, Lübeck, Germany). The spontaneous sinus rate after intravenous injection of atropine (0.04 mg/kg) and propranolol (0.1 mg/kg) was determined as the intrinsic heart rate (IHR), which is a commonly used indicator of sinus node function. The sinus node recovery time (SNRT) and the corrected SNRT (CSNRT) were measured during autonomic blockade. Recording and bipolar pacing electrodes were inserted into the high right atrial appendage near the SAN region. Bipolar pacing was established with a programmable stimulator (Lead 2000) and paced at cycle lengths (CLs) of 250 or 350 ms for 30 s. SNRT was determined by the first postpacing A-A interval. CSNRT was calculated by subtracting the mean prepacing AA CL from the SNRT, the mean CL measured before the beginning of atrial pacing. All readings were recorded using a multichannel recorder at a paper speed of 100 mm/s.
Sample acquisition
All the dogs were euthanized and their body weight was recorded. Their hearts were removed and dissected in phosphate buffered saline (PBS) (PH 7.4), blotted dry, and weighed. The SAN was dissected out; then, it was flash-frozen in liquid N 2 or stored at −80°C for further study. The SAN locates at a whitish endocardial region near the junction of the right atrium free wall and the atrial appendage near the crista terminalis, which was confirmed through subsequent histological tests using masson trichrome staining.
Histological and immunohistochemical staining
Masson trichrome staining was performed on paraffin sections using a conventional procedure. Immunofluorescence (IF) staining was performed as previously described [20] . Briefly, the SAN tissues were fixed in 4% paraformaldehyde overnight at 4°C, permeabilized with 0.5% Triton X-100, and then blocked with 10% goat serum. Tissue sections were incubated with anti-HCN4 antibody (1:300; Abcam, Cambridge, UK) overnight at 4°C, washed in PBS, and incubated with TRITC-conjugated goat anti-rabbit immunoglobulin G (IgG) secondary antibody (1:100, Beyotime, Nantong, China). DAPI was used to stain the cell nucleus. The sections of SAN tissues were visualized on a Leica scanning laser confocal microscope (Leica, Heidelberg, Germany). 
Real-time polymerase chain reaction
Western blot analysis
Western blot analysis was performed as described in our previous publication [21] . Briefly, membrane proteins extracted from tissue samples were subject to tissue homogenization at 4°C. Equal amounts of protein extracts in each group were fractionated on 6% sodium dodecyl sulfate-polyacrylamide gels, and transferred to polyvinylidene difluoride membranes (Millipore, Billerica, USA) via electrophoresis. The membranes were blocked in blocking buffer (5% non-fat dry milk in TBS) for 2 h at room temperature. The membranes were incubated with the primary antibodies, anti-HCN4 antibody (1:500; Boster Biotechnology, Wuhan, China), and anti-GAPDH antibody (1:500; Boster Biotechnology), overnight at 4°C, followed by incubation with horseradish peroxidase-conjugated anti-rabbit or anti-goat IgG (1:1000, Zhong Shan Jin Qiao Biotechnology, Beijing, China) secondary antibody for 1 h at 37°C. Absorbance analysis of the images was performed using Quantity One software. The densities of HCN4 were reported in OD units obtained by dividing the densitometric band intensity of the sample with the GAPDH-signal intensity.
Statistical analysis
All data are expressed as the mean ± standard error of the mean.
Comparisons between groups were performed using one-way ANOVA. P < 0.05 was considered the significant difference.
Results
Age-related changes in the functional remodeling of the SAN in the canine heart
The intracardiac electrophysiology study was used to test SAN function. IHR, SNRT, and CSNRT are the most commonly used indicators of SAN function in cardiac electrophysiology. A typical intracardiac electrocardiogram of SAN function is shown in Fig. 1 , which reveals that the SNRT gradually increased with aging in dogs. The IHR reflects intrinsic SAN function [22, 23] . The age-dependent reduction in IHR suggests that the pacemaker function of the SAN deteriorates gradually with aging [22] . Our electrophysiological results showed that the IHR decreased from 168 ± 11 beats min −1 in young canines to 120 ± 9 beats min −1 in adults and to 88 ± 9 beats min -1 in aged canines (P < 0.01 or P < 0.05 Fig. 2A ). However, the basal heart rates were not significantly different among these three groups (91.3 ± 20.6 beats min
(young group), vs. 89.7 ± 16.5 beats min −1 (adult group) vs. 83.0 ± 17.3 beats min −1 (aged group), P > 0.05, Supplementary Fig. S1 ). The electrophysiological indicators SNRT and CSNRT are also commonly used to assess the function of the SAN [24] [25] [26] [27] . The SNRT increased from 412 ± 32 ms in the young group to 620 ± 56 ms in the adult group and to 838 ± 120 ms in the aged group (P < 0.01 or P < 0.05 Fig. 2B ). Meanwhile, the CSNRT increased from 55 ± 12 ms in the young group to 117 ± 27 ms in the adult group and to 171 ± 37 ms in the aged group (P < 0.01 or P < 0.05 Fig. 2C ). All of the above results in cardiac electrophysiological revealed that SAN function deteriorated with aging in the canine heart.
Age-related physical and physiological changes of the elderly canine during aging A significant increase in body weight was found when we compared the body weights of the young, adult, and aged canine (1.76 ± 0.18 kg vs. 14.68 ± 1.63 kg vs. 19.86 ± 2.19 kg, P < 0.01). Moreover, a significant increase in heart weight was also found when we compared the young, adult, and elderly canines (16.7 ± 1.32 g vs. 117.06 ± 17.20 g vs. 151.68 ± 14.62 g, P < 0.05). The young dogs had the highest heart-to-body weight ratio, but this ratio did not change significantly in the adult and the aged groups of dogs. The role of structural remodeling in SAN dysfunction is controversial from the adult to the elderly animal [15] . Previous studies have revealed that structural remodeling, such as fibrosis, does not underlie the functional remodeling of the SAN in elderly animals [11, 15] . To elucidate the mechanism of the age-related deterioration of SAN function in elderly dogs, the morphological and histological characteristics of the SAN were detected by Masson trichrome staining. The SAN was identified as a whitish endocardial region located near the junction of the right atrium free wall and the atrial appendage near the crista terminalis (Fig. 3) . Structural remodeling, which is characterized by fibrosis within the SAN, increases with aging in human and animal (such as the mouse) models [28, 29] . However, histological sections (Masson trichrome stain) illustrated that fibrosis was not significantly increased with aging in the SANs of dogs [2.5% (young group) vs. 2.7% (adult group) vs. 2.3% (aged group)] in terms of the collagen volume fraction, while adipose tissue gradually increased in the SAN (Fig. 4A-C) .
HCN4 mRNA and protein expression during aging
Earlier studies have shown that electrical remodeling, such as the changes of the expression of ion channel-related genes and proteins, might be the cause of the age-dependent deterioration of SAN function in elderly animals [15, 30] . HCN4 is considered to be a marker of cardiac pacemaker cells within SAN [3] . However, the real relationship between HCN4 and age-dependent changes in SAN function is unknown in the elderly canine heart. To investigate the cause of the age-related deterioration of the SANs in elderly dogs, we examined the mRNA expression of genes related to ion channels, which is closely related to the function of the SAN pacemaker cells. The histogram illustrates the HCN4, KCNE2, ADRB1, and CACNA1C mRNA expression levels in the SANs of canines from different age groups (Fig. 5) . The expression levels of HCN4 mRNA were significantly decreased in the aged groups compared with those in the young and adult groups (n = 4, P < 0.05, Fig. 5 ). HCN4 mRNA expression levels showed an approximate decrease of 74.9% in the adult group and an approximate decrease of 84.5% in the aged group when compared with those in the young group. In addition, the aged SAN cells in the heart showed an aging-related decrease in the expression of KCNE2 mRNA. ADRB1 mRNA expression significantly declined in the adult and aged groups compared with those in the young group (n = 4, P < 0.05, Fig. 5 ). Curiously, ADRB1 mRNA expression did not decline in the aged group compared with the adult group. CACNA1C mRNA expression declined in the adult group compared with the young group (n = 4, P < 0.05, Fig. 5) ; however, there were no dramatic differences in CACNA1C mRNA expression in the aged group compared with the young group (n = 4, P > 0.05 Fig. 5 ). We also examined the expression of HCN4 by IF staining to compare SAN degradation quantitatively at different ages. As shown in Fig. 6 , the expression of HCN4 proteins within the SAN declined with aging, and HCN4 protein decreased obviously in the SANs of older dogs, which was confirmed by the western blot analysis (Fig. 7) . In conclusion, HCN4 proteins were more strongly expressed in the SANs of the young group compared with those of the adult and aged canine groups (Fig. 7B , n = 4, P < 0.05). HCN4 protein expression was significantly reduced in the SANs of the aged canine (P < 0.05), and showed a decrease of~50% in the aged group when compared with the young group.
Discussion
Sick sinus syndrome, which is defined as an inappropriate heart rate caused by SAN dysfunction, is a common age-related cardiovascular disease [18, 31, 32] . Clinical studies have proven that the incidence of SAN dysfunction increases with age and is quite prevalent in the elderly population [9, 18, 31, 32] . This conclusion was consistent with our electrophysiological results (Fig. 1) , but the mechanisms of this agedependent deterioration remained unclear. The major findings of this study are as follows: (i) the age-dependent changes in IHR, SNRT, and CSNRT indicate that the SAN function of canines deteriorate with age; (ii) age-dependent structural remodeling, such as fibrosis, is not responsible for the gradually increasing incidence of age-dependent SAN dysfunction in healthy dogs; and (iii) the age-dependent down-regulation of HCN4 may be the cause of the deterioration of SAN function in the elderly canine heart. Therefore, we hypothesize that the age-dependent changes of electrical remodeling related to ion channel proteins may play an important role in SAN dysfunction.
The SAN is the primary cardiac pacemaker. It is characterized by high autorhythmicity, which is based on automatic depolarization originating from different ionic channels, in the cardiac conduction system [33, 34] . The HCN channel is the most important ion channel involved in the process of automatic depolarization of the SAN [18, [35] [36] [37] . It was reported that cardiac-specific HCN4- knockout mice died between embryonic days 9.5 and 11.5 due to significantly slow contraction when compared with wild-type, and the HCN-encoded current If was decreased by 85% on average [38] [39] [40] . A recessive mutation in zebrafish led to a decreased heart rate, which was associated with a significantly reduced If current [41, 42] . Furthermore, a mutation of human HCN4 has been found in patients suffering from SAN dysfunction [43] [44] [45] . These results indicate that HCN4 plays a pivotal role in the generation of sinus rhythm. Previous studies have indicated that age-dependent downregulation of HCN2 and HCN4 contributes to the deterioration of SAN function in rats and rabbits [30] . Similar to these results, a major finding of our study was that an age-dependent downregulation of HCN4 occurred in the SANs of the canine heart. Therefore, we speculate that electrical remodeling, which is related to the age-dependent down-regulation of HCN4 protein accompanied by a decrease in the If current, may lead to an abnormality in automatic depolarization of Phase 4 in the SAN pacemaker cells of older dogs. It is the disorder of Phase 4 depolarization that results in the age-dependent dysfunction of SAN. Figure 5 . The mRNA expression levels of ADRB1, CACNA1C, HCN4, and KCNE2 in the SAN of dogs HCN4 mRNA was significantly decreased in the aged group compared with those in the young and adult groups (n = 4 per group). *P < 0.05 adult group vs. aged group ; # P < 0.05 young group vs.
aged group. On the contrary, some studies have revealed that the pacemaker cells within the SAN decrease with aging and the development of fibrosis, which could be responsible for SAN dysfunction in aged animals [12, 14, 15] . The SAN undergoes the process of age-related changes through structural remodeling. This process includes a decrease in the number of pacemaker cells and an increase in collagen content during aging [12] . Therefore, structural remodeling is considered to be the cause of the functional decline within the SANs of elderly animals [28] . However, the effect of structural remodeling in aged SANs remains controversial [11, 15] . Jones et al. [15] revealed that age-dependent structural remodeling was not the cause of the increasing incidence of SAN dysfunction in healthy guinea pigs. In the present study, no apparent fibrotic change in collagen distribution in the SAN was observed among the young, adult, or aged dogs (Fig. 4) . This result was consistent with Jones's research [15] .
Recent studies have indicated that HCN4 channel function is significantly increased by KCNE2, which correlates well with the KCNE2-mediated 1.6-fold increase of membrane protein levels of HCN4 [46] . However, research data from other reports also indicated that the occurrence of If increases with aging in left ventricular myocytes of both spontaneously hypertensive and normotensive rats [47] . Moreover, KCNE2 upregulation accompanies an increase in pacemaker current in the ventricles of aging rats [48] . So far, caninerelated reports regarding age-dependent changes in pacemaker ion channels and their association with SAN function have been rare. In our previous study, we found that the expression of the HCN4 and KCNE2 in the ventricular cells of acute myocardial infarction rat hearts underwent dynamic changes [21] . In this study, real-time PCR was used to quantify the mRNA level of KCNE2 in the canine SANs of three groups. It was found that the expression level of KCNE2, the purported β-subunit of HCN4, declined with aging. The 'calcium clock' pathway represents another mechanism for the activity of SAN pacemaker cells [49] . The CACNA1C gene encodes the α-subunit Cav1.2 of the voltage-dependent, L-type calcium channel [49] . The L-type calcium current was determined to be responsible for the depolarization of the SAN [50] . Previous studies have revealed an agedependent decrease of Cav1.2 channels within the SANs in guinea pigs [15] . As shown in Fig. 5 , CACNA1C mRNA expression declined in the adult group compared with that in the young group, which was consistent with Jones's report [15] . Nevertheless, our study did not reveal any differences in the aged group compared with the young group. It is unclear whether the age-dependent functional deterioration of canine SAN pacemaker cells is associated with the 'calcium clock'. A comprehensive detection of the protein expression and current of the ion channels may be necessary to answer this question. In addition, the ADRB1 gene encodes the canis lupus familiaris adrenergic, beta-1 receptor, which has influence on the fluctuation of heart rate in SANs [51] . In Fig. 5 , ADRB1 mRNA expression significantly declined in the adult and aged groups compared with that in the young group, which was consistent with Himeno's report [51] . In contrast, ADRB1 mRNA expression did not decline in the aged group compared with that in the adult group. The reason for this difference is unclear and needs to be further explored.
The mechanisms that control HCN4 channel expression have been explored. Kuratomi et al. [52] found that the neuron-restrictive silencing factor plays a crucial role in controlling HCN4 expression in cardiac myocytes. Kuratomi et al. [53] found that the novel enhancer CNS13 and myocyte enhancer factor-2 (MEF2) also possibly play a key role in the transcription of HCN4 in the heart. Our results showed that CNS13 had a prominent enhancing activity (>30-fold) on the HCN4 promoter, which depends on the MEF2-binding sequences located in CNS13 [53] . In fact, HCN channels, and HCN4 in particular, are strongly modulated by a variety of other intracellular proteins, lipids, and second messengers (cAMP, caveolin-3, phosphatidylinositol 4,5-bisphosphate, synapse-associated protein 97) [18] , whose concentration may also vary with aging. In our study, we observed that HCN4 decreased with aging, and this phenomenon could lead to an age-related decline in the function of SAN. However, these influencing factors mentioned above were not explored in the present study, so further studies on the mechanisms of the age-related decline of HCN4 in SANs are needed. Moreover, as shown in Fig. 4 , adipose tissue seems to have an age-related increase within the SAN. This structural change may contribute to the functional impairment in the aged SAN. However, further experiments should be done to clarify the true nature of this phenomenon.
Based on these results, we suggest that the decrease of HCN4 expression in the aged canine SAN may lead to SAN dysfunction. We conclude that the down-regulation of HCN4 expression may explain the age-related deterioration of SAN dysfunction. It has been suggested that pacemaker cells function as a coupled-clock system of numerous interacting molecular functions, and If is only a single one of these functions. Therefore, although HCN4 is reduced with aging, age-associated functional changes cannot be exclusively attributed to If.
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